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Abstract 43 

Seizures are common in humans with various etiologies ranging from congenital 44 

aberrations to acute injuries that alter the normal balance of brain excitation and 45 

inhibition. A notable consequence of seizures is the induction of aberrant neurogenesis 46 

and increased immature neuronal projections. However, regulatory mechanisms 47 

governing these features during epilepsy development are not fully understood. Recent 48 

studies show that microglia, the brain’s resident immune cell, contribute to normal 49 

neurogenesis and regulate seizure phenotypes. However, the role of microglia in 50 

aberrant neurogenic seizure contexts has not been adequately investigated. To address 51 

this question, we coupled the intracerebroventricular kainic acid (KA) model with current 52 

pharmacogenetic approaches to eliminate microglia in male mice. We show that 53 

microglia promote seizure-induced neurogenesis and subsequent seizure-induced 54 

immature neuronal projections above and below the pyramidal neurons between the DG 55 

and the CA3 regions. Furthermore, we identify microglial P2Y12 receptors (P2Y12R) as 56 

a participant in this neurogenic process. Together, our results implicate microglial 57 

P2Y12R signaling in epileptogenesis and provide further evidence for targeting 58 

microglia in general and microglial P2Y12R in specific to ameliorate pro-epileptogenic 59 

processes.  60 

Keywords: Microglia, neurogenesis, immature projections, P2Y12R, seizures 61 
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Signifiance Statement 64 

Epileptogenesis is a process by which the brain develops epilepsy. Several processes 65 

have been identified that confer the brain with such epileptic characteristics, including 66 

aberrant neurogenesis and increased immarture neuronal projections. Understanding 67 

the mechanisms that promote such changes is critical in developing therapies to 68 

adequately restrain epileptogenesis. We investigated the role of purinergic P2Y12 69 

receptors selectively expressed by microglia, the resident brain immune cells. We report 70 

for the first time that microglia in general and microglial P2Y12 receptors in specific 71 

promote both aberrant neurogenesis and increased immature neuronal projections. 72 

These results indicate that microglia enhance epileptogenesis by promoting these 73 

processes and suggest that targeting this immune axis could be a novel therapeutic 74 

strategy in the clinic.  75 

 76 
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Introduction 85 

 Epilepsy is a common neurological disorder affecting millions of people world-86 

wide . A common hallmark of the disorder is the occurrence of unprovoked seizures that 87 

results from an imbalance in brain excitation and inhibition. The most common form of 88 

epilepsy is mesial temporal lobe epilepsy (mTLE) that often remains intractable to 89 

pharmacological treatment, raising the need to further understand the underlying mech-90 

anisms that give rise to the pathology.  91 

In mTLE, neurogenesis in the dentate gyrus (DG) is increased in both human pa-92 

tents and experimental models. Additionally, the epileptic environment promotes the 93 

sprouting of DG neurons towards the CA3 region along the mossy fiber pathway 94 

(Bausch and McNamara, 2004; Haussler et al., 2016; Godale and Danzer, 2018). The 95 

emerging consensus suggests that increased neurogenesis and neuronal sprouting is 96 

pro-epileptogenic (Cho et al., 2015; Hosford et al., 2016; Danzer, 2018). Therefore, re-97 

ducing epileptic neurogenesis and excessive projections could serve as a therapeutic 98 

approach to limit the occurrence of seizures and progression of epilepsy. Along these 99 

lines, understanding the factors that regulate epileptic neurogenesis and DG sprouting 100 

offers an exciting avenue for research and potential therapeutic intervention.   101 

Microglia, the brain’s resident immune cells, have emerged as important players 102 

in neural development, nervous system homeostasis, and both acute and chronic brain 103 

pathologies (Eyo and Wu, 2013; Nayak et al., 2014; Salter and Beggs, 2014; Hammond 104 

et al., 2018a). In the context of seizures and epilepsy, microglial research has lagged 105 

behind other acute pathologies such as stroke and traumatic brain injury (Karve et al., 106 

2016; Ma et al., 2017; Younger et al., 2018) as well as chronic diseases such as pain 107 
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and Alzheimer’s disease (Beggs and Salter, 2013; Eyo et al., 2017a; Sarlus and 108 

Heneka, 2017). However, because inflammatory mechanisms have recently been impli-109 

cated in the pathogenesis of epilepsy (Devinsky et al., 2013; Vezzani, 2014), the role of 110 

microglia is receiving increased interest. Research into microglia has been principally 111 

focused on acute seizures (Avignone et al., 2008; Mirrione et al., 2010; Eyo et al., 2014; 112 

Eyo et al., 2017b), with the majority consensus being that microglia are beneficial (Eyo 113 

et al., 2017a; Waltl et al., 2018). However in patients, spontaneous recurring seizures 114 

(SRS) usually follow a latent period after the initial injury. In experimental studies, epi-115 

lepsy development is often modeled by treatment with an excitotoxic agent such as 116 

kainic acid (KA) or pilocarpine (Levesque et al., 2016). Given the importance of aberrant 117 

neurogenesis and sprouting in epileptogenesis, understanding microglial contributions 118 

to these processes could provide an alternative strategy to limit epileptogenesis.  119 

The p2ry12 gene that encodes the P2Y12 receptor (P2Y12R) has emerged as 120 

one of the signature genes of microglia (Hickman et al., 2013; Butovsky et al., 2014; 121 

Bennett et al., 2016; Cronk et al., 2018). P2Y12R play important roles in basal microglial 122 

migration (Eyo et al., 2018), microglial physical interactions with neurons (Eyo et al., 123 

2014; Eyo et al., 2015; Eyo et al., 2017b), and injury detection by microglia (Haynes et 124 

al., 2006b). In pathology, they play various roles in ischemia (Webster et al., 2013) and 125 

pain (Tozaki-Saitoh et al., 2008; Gu et al., 2016a). We recently showed that in the con-126 

text of status epilepticus, P2Y12R deficient mice have exacerbated behavioral seizures 127 

(Eyo et al., 2014). In the current study, we investigate the contributions of microglia in 128 

general and the microglial P2Y12R in specific on the latter effects of KA-induced sei-129 

zures that are important for epileptogenesis. We report for the first time that pharmaco-130 



 

7 

genetic elimination of microglia reduced both aberrant neurogenesis and seizure-131 

induced immature neuronal projections. Furthermore, using genetic approaches we 132 

show that P2Y12R contribute to these features of the epileptogenic environment. Our 133 

findings therefore highlight microglia and microglial-specific P2Y12R as potential targets 134 

in modulating epileptic phenotypes that could potentially be harnessed for the develop-135 

ment of therapy against epileptogenesis.    136 

 137 

Materials and Methods 138 

Animals 139 

Eight to ten week old male mice were used in accordance with institutional guide-140 

lines approved by the animal care and use committee at the First Affiliated Hospital of 141 

Guangzhou Medical University, Rutgers University, and the Mayo Clinic. C57BL/6J and 142 

CX3CR1-GFP+/- mice (Jung et al., 2000) were purchased from Jackson Labs. 143 

P2Y12Rfl/fl mice were generated using a CRISPR/Cas9 system by Biocytogen LLC 144 

(Peng et al., 2019). Briefly, the Cas9/guide RNA (gRNA) target sequences were 145 

designed to the regions upstream of exon 4 and downstream of 3’UTR. The targeting 146 

construct consisting of 1 kb arms of homologous genomic sequence immediately 147 

upstream (5’) of exon 4 and downstream (3’) of 3’UTR flanked by two loxP sites. Cas9 148 

mRNA and sgRNAs were transcribed with T7 RNA polymerase in vitro. Cas9 mRNA, 149 

sgRNAs and donor vector were mixed at different concentrations and co-injected into 150 

the cytoplasm of fertilized eggs at the one-cell stage. Obtained F0 mice were validated 151 

by PCR amplification, direct sequencing and Southern blot analysis. CX3CR1CreER mice, 152 

donated by Dr. Wen-Biao Gan at New York University, were crossed with R26iDTR (pur-153 
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chased from Jackson Labs) mice to generate CX3CR1CreER/+:R26iDTR/+ mice for 154 

CX3CR1+ cell ablation  or crossed with P2Y12Rfl/fl mice to provide CX3CR1CreER/+: 155 

P2Y12Rfl/fl mice for the conditional knockout of P2Y12R. P2Y12R general knockout 156 

mice were donated by Dr. Michael Dailey at the University of Iowa. Mice were randomly 157 

distributed to experimental and control groups within a litter.  158 

 159 

Microglial ablation and conditional knockout of P2Y12R 160 

Tamoxifen (TM, Sigma), diluted in corn oil (Sigma) as 20 mg ml−1, was delivered 161 

to adult mice by i.p. injection. For microglial ablation, four doses of TM (150 mg kg−1) 162 

were given at 48h intervals to induce the expression of DTR in CX3CR1 expressing 163 

cells in CX3CR1CreER:R26iDTR  mice. Three weeks after the last TM treatment, diphtheria 164 

toxin (DT, Sigma, Catalogue #D0564, 50 μg kg−1, 2.5 μg ml−1 in PBS) was administered 165 

twice (at 2hrs and 2 days after KA treatment) to ablate CX3CR1 resident myeloid cells 166 

including microglia in the brain. Three weeks was required to allow for the turnover of 167 

CX3CR1 circulating monocytes and to avoid their ablation (Parkhurst et al., 2013; Peng 168 

et al., 2016). Mice treated with DT, but without TM, were utilized as controls. For condi-169 

tional P2Y12R knockout, four doses of TM (75 mg kg−1) was given at 48h intervals, 170 

while control mice were treated with corn oil only. 171 

 172 

Epilepsy model 173 
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Kainic acid (KA) was delivered at 0.032mg/ml in 5 μl of ACSF in wildtype mice by 174 

intracerebroventricular injection (I.C.V.). Given the increased susceptibility of mice lack-175 

ing microglia and P2Y12 receptors to seizures, mice with microglia ablation and lacking 176 

P2Y12 receptors were given 4.5 μl drug to increase the survival rate. The coordinates 177 

were: 0.2 mm caudal to bregma, 0.09 mm lateral to the midline, and 2.0-2.5 mm below 178 

the dura, depending upon the weight of mice. Seizure scores were evaluated for 2 179 

hours following KA treatment using the modified Racine scale : 1 freezing behavior; 2 180 

rigid posture with raised tail; 3 continuous head bobbing and forepaws shaking; 4 rear-181 

ing, falling, and jumping; 5 continuous level 4; 6 loss of posture and generalized convul-182 

sion activity; 7 death (Racine, 1972; Avignone et al., 2008). Mice that progressed to at 183 

least stage 3 were sacrificed for immunohistochemistry at various timepoints. 184 

 185 

Tissue staining and immunohistochemistry 186 

After mice were deeply anaesthetized by isoflurane (5% in O2), they were trans-187 

cardially perfused with 20 ml PBS followed by 20 ml cold 4% paraformaldehyde (PFA). 188 

The brain were removed and post-fixed in 4% PFA for an additional 4–6 hours, then 189 

transferred to 30% sucrose in PBS overnight. Finally, 14 μm slices were then cut with a 190 

cryostat (Leica).  191 

For Fluoro-Jade B (FJB) staining, sample slices were incubated in a solution of 192 

1% sodium hydroxide in 80% ethanol for 5 min, then in 70% ethanol for 2 min, rinsed in 193 

distilled water, and treated with 0.06% potassium permanganate for 10 min. After a 194 

rinse with distilled water, the slices were stained with 0.01% FJB (Histo-Chem, Jeffer-195 
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son, AR, U.S.A.) in 0.1% acetic acid for 20 min. Slices were washed in PBS for 5 min 196 

and air dried. 197 

For immunohistochemistry, after blocking with 5% goat serum and 0.3% Triton X-198 

100 (Sigma) in TBS buffer, the slices were incubated with primary antibody for mouse 199 

anti-DCX (1:500, Sigma), rabbit anti-ki67(1:500, Abcam, Catalogue #16667), and/or 200 

rabbit anti-Iba1 (1:1,000, Wako Chemicals, Catalogue #019-19741) overnight at 4°C. 201 

The slices were then incubated with secondary antibodies (1:500, Alexa Fluor 594 202 

and/or 1:500, Alexa Fluor 488, Life Technologies) for 40 min at room temperature. After 203 

three washes with TBST, slices were mounted with DAPI fluoromount-GTM (Southern 204 

Biotechnology Associates, Birmingham, AL). 205 

The immunofluorescent labeling technique was also used to stain BrdU-labeled 206 

cells following the reported procedure (Matsuda et al., 2015). Two hours after KA treat-207 

ment, the mice were given BrdU (i.p., 100mg/kg, Sigma-Aldrich, St. Louis, MO) once 208 

daily and sacrificed 24 hours after the last BrdU injection at 3 days or 7 days after KA 209 

treatment. Tissue was processed and harvested as described above. The slices were 210 

incubated with 2XSSC/50% formamide for 2h at 65°C, 2N HCl at 37°C for 1h , then 0.05 211 

M borate buffer (pH 8.5) for 10 min. After a PBS wash, slices were blocked in 10% BSA, 212 

and incubated with mouse anti-BrdU (1:500, Sigma-Aldrich, St. Louis, MO) and mouse 213 

anti-DCX (1:500, Sigma) at 4°C. After three PBS washes, sections were incubated with 214 

secondary antibodies (1:500, Alexa Fluor 594, and 1:500, Alexa Fluor 488, Life Tech-215 

nologies) for 1h at room temperature. After 3 washes with TBST, the slices were 216 

mounted with DAPI fluoromount-GTM. 217 

 218 
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Cell counts and image analysis 219 

Fluorescent images were collected with a confocal microscope (LSM510, Zeiss) or an 220 

optical microscope (EVOS FL Cell imaging System, Life Technologies). Cell counting 221 

and fluorescent signal intensity was quantified using ImageJ software (National Insti-222 

tutes of Health, Bethesda, MD). We followed the procedure for cell counting in the DG 223 

as previously described (Matsuda et al., 2015).The total number of cells (only clear cell 224 

bodies were counted to avoid overestimation of cells) were assessed at every 6th sec-225 

tion (14μm/section) for 6 slices (i.e. about 70μm intervals) in about 500μm thickness. 226 

The cells labelled with DCX, Ki67, BrdU,or Iba1 in the DG were also counted. The num-227 

ber of counted cells in each section was summed, multiplied by six to estimate the 228 

number of cells per DG). The DG volume was calculated as the product of the total area 229 

of sections by the thickness (Journiac et al., 2005) as follow: the sum of area measured 230 

was multiplied by the inverse of the sampling fraction of 6 and the section thickness of 231 

14μm. The density of cells per mm3 in DG was provided by the total number of laballed 232 

cells in the DG. This traditional method for accounting for density of cells per mm3 in the 233 

DG was used rather than stereological techniques which is suitable for sections with 234 

thickness >20 μm (Wirenfeldt et al., 2003). 235 

 236 

Cell projection image analysis 237 

Fluorescent signals were detected by an optical microscope (EVOS FL Cell imaging 238 

System, Life Technologies) using a 40× objective. DCX+ cells with long projections were 239 

classified as having lengths beyond the DG cell body region (Fig. 1a), suggestive of 240 

maturation beyond 2 weeks (Aimone et al., 2014). We measured the projections from 241 



 

12 

DCX labeled neurons and classified them as either long (extending beyond the DG cell 242 

body layer) or short (remaining within the DG cell body layer) (Fig. 1b). To quantify the 243 

density of either projection, we selected regions of interest (ROIs) either of the region 244 

beyond the cell body layer (for long projections) or of the region identical to the cell body 245 

layer. For both, we quantified DCX florescence intensity in the total region of interest. 246 

The DCX+ projections outside the hilus were classified by their origin in either the su-247 

prapyramidal blade (SMF) or infrapyramidal blade (IMF).  The size of SMF and IMF was 248 

determined through staining techniques, as has been previously reported (Romer et al., 249 

2011). Briefly, in double-labelled DAPI and DCX labelled tissue, the maximum length of 250 

DCX projections above (for the SMF) or below (for the IMF) the DAPI+ cell layer was 251 

quantified in ImageJ.  Every 6th section in 500 m thickness was analyzed, and the av-252 

erage of the DCX pixel area was measured.  The sum of areas measured was multi-253 

plied by the inverse of the sampling fraction with 6 and the section thickness with 14μm 254 

to calculate the volume of SMF or IMF projections. 255 

 256 

Experimental Design and Statistical analyses 257 

For all experiments, the number of mice for experiments is stated in the legends. Data 258 

were presented as mean ± SEM. The Kolmogorov-Smirnov test was used to assess 259 

normality and the Levene test was used to assess homoscedasticity. We confirmed that 260 

the histogram lay within normal distributions and the variance between groups was ho-261 

mogeneous. The significance was evaluated by Student's t-test, one way ANOVA, and 262 

Wilcoxon rank-sum test (U-test). The significance for two-group comparisons was 263 

evaluated using the Student's t-test. The comparison involving more than two groups 264 
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was evaluated using multiple-way analysis of variance (ANOVA), followed by Tukey 265 

post-hoc test. 266 

 267 

Results 268 

To investigate the role of microglia in seizure-induced neurogenesis, we utilized 269 

the intracerebroventricular (i.c.v.) model of KA delivery to induce seizures. We first con-270 

firmed that neurons in the hippocampus show robust neurodegeneration following KA 271 

delivery. We observed an increase in Fluoro-Jade B (FJB) staining specifically in the 272 

CA3 region of the hippocampus at 3 ( F(3,44) = 67.09, p value<0.001 ), 7(F(3,44) = 67.09, 273 

value <0.001 ), and 14 (F(3,44) = 67.09, p value <0.001 ) days after the seizures (Fig. 2a-274 

c). The DG region of the hippocampus does not display neurodegeneration in this mod-275 

el but exhibits robust neurogenesis in the steady state (Goncalves et al., 2016; Anacker 276 

and Hen, 2017) and aberrant neurogenesis following seizures (Gray et al., 2002; Parent 277 

and Murphy, 2008). Therefore, we focused on this region to determine microglial contri-278 

bution to seizure-induced aberrant neurogenesis and sprouting.  279 

 280 

Experiment 1: Seizures increase neurogenesis and neuronal projections 281 

Brains from control and KA treated mice were stained at 3, 7, and 14 days post-282 

seizure induction with doublecortin (DCX), a marker of immature neurons, and Ki67, a 283 

marker of proliferating cells. We detected an increase in DCX and Ki67 positive cells at 284 

day 3 (DCX: F(3,24) = 233.8, p value <0.001; Ki67: F(3,24) = 80.52, p value <0.001 ) that 285 

peaked at day 7 (DCX: F(3,24) = 233.8, p value <0.001; Ki67: F(3,24) = 80.52, p value 286 

<0.001) and declined by day 14 after KA (DCX: F(3,24) = 233.8, p value = 0.1102; Ki67: 287 
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F(3,24) = 80.52, p value <0.001 ) (Fig. 2d-f). The number of DCX+:Ki67+ double positive 288 

cells (indicating proliferating immature neurons) similarly increased at day 3 (F(3,24) = 289 

12.12, p value <0.001 ), peaked at day 7 (F(3,24) = 12.12, p value <0.001 ) and declined 290 

by day 14 (F(3,24) = 12.12, p value <0.0235 ) after seizures (Fig. 2g). To complement 291 

these findings, we used a different proliferation marker, the thymidine analog, BrdU, 292 

which was injected daily beginning at 2h after KA treatment for 7 days and the mice 293 

were sacrificed 24h after the final injection. We observed similar findings 7 days after 294 

KA, with an increase in DCX+:BrdU+ cells (df = 12, p value <0.001 ), representing ap-295 

proximately 30% of the DCX+ population (df = 12, p value <0.001 ) (Fig. 2h-j). Thus, KA 296 

seizures significantly, though transiently, increases DG neurogenesis, as previously de-297 

scribed in epileptogenesis  (Parent et al., 1997; Parent, 2007; Jessberger and Parent, 298 

2015).  299 

 In addition to neurogenesis, we also investigated seizure-induced increases in 300 

immature neuronal projections of immature neurons. During the maturation, DCX+ DG 301 

neurons have both short projections and long projections characterized by projecting 302 

beyond the DG granule cell body region (Aimone et al., 2014). An examination of apical 303 

projections revealed that both the long and short projections of DCX-labeled neurons 304 

increased by 3d (Long: F(3,24) = 28.16, p value <0.0001; Short: F(3,24) = 24.87, p value = 305 

0.009 ), peaked at 7d (Long: F(3,24) = 28.16, p value <0.001; Short: F(3,24) = 24.87, p val-306 

ue <0.001) and returned to control levels by 14d (Long: F(3,24) = 28.16, p value =0.2241; 307 

Short: F(3,24) = 24.87, p value = 0.5211 ) after seizures (Fig. 3a-c). Furthermore, projec-308 

tions of the mossy fiber pathway towards the CA3 region along both suprapyramidal 309 

and infrapyramidal pathways were examined. In response to seizures, immature DCX+ 310 
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neurons displayed increased volumes of these projections at 3d (Suprapyramidal: F(3,24) 311 

= 6.493, p value = 0.0311; Infrapyramidal: F(3,24) = 15.65, p value = 0.0321)  that peaked 312 

at 7d (Suprapyramidal: F(3,24) = 6.493, p value = 0.0084; Infrapyramidal: F(3,24) = 15.65, p 313 

value <0.001) and were normalized to control lengths by 14d after seizures (Suprapy-314 

ramidal: F(3,24) = 6.493, p value =0.0784; Infrapyramidal: F(3,24) = 15.65, p value = 315 

0.1432) (Fig. 3d-f). Together, these results indicate that KA seizures transiently in-316 

crease the projections of DCX+-immature neurons.  317 

 318 

Experiment 2: Microglia promote neurogenesis and immature neuronal projec-319 

tions after seizures 320 

 To investigate microglial involvement in neurogenesis and immature neuronal 321 

projection, we used the CX3CR1GFP/+ mouse line where microglia selectively express 322 

GFP (Jung et al., 2000). Microglial density in the DG increased significantly by 3d (F(3,24) 323 

= 90.95, p value <0.001 ) and was maintained through 14d (F(3,24) = 90.95, p value 324 

<0.001 ) of seizures (Fig. 4a-b) indicating that this model increases microglial numbers 325 

during the period of robust neurogenesis and immature neuronal projections.   326 

To address a potential role for microglia in seizure-induced neurogenesis and in-327 

creased projections, we employed a genetic approach to eliminate microglia using 328 

CX3CR1CreER:R26iDTR  mice as we have done previously (Peng et al., 2016). Mice were 329 

treated with tamoxifen four times at 48h intervals to express the diptheria toxin receptor 330 

(DTR) in CX3CR1 cells. Three weeks after the last tamoxifen injection, mice were treat-331 

ed with kainic acid to induce seizures. After seizures, mice were treated with diptheria 332 
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toxin (DT) twice (at 2 hrs and 2 days of KA treatment) to ablate CX3CR1 expressing 333 

cells. The three week period was required to allow for the turnover of circulating mono-334 

cytes that also express CX3CR1 (Parkhurst et al., 2013). We confirmed that 335 

pretreatment of tamoxifen (for subsequent microglial ablation after KA) does not affect 336 

behavioral seizure severity (Fig. 4c). At 7d after seizures, these microglia-ablated mice 337 

also exhibited similar FJB cell counts to sham treated mice (df = 6, p value =0.9318 )  338 

(Fig. 4d-e) as well as similar pyknotic nuclei indicative of apoptotic cells (data not 339 

shown). This suggests that the degree of neurodegeneration is dependent on the de-340 

gree of seizures induced by the initial KA treatment and is unaffected by a subsequent 341 

microglial ablation.  342 

In control mice (no KA treatment), DT injection could significantly reduce micro-343 

glial numbers 3d (F(2,36) = 446.1, p value =0.0328 ) and 7d (F(2,36) = 446.1, p value 344 

<0.001 ) after the first DT injection (Fig. 4f, top panel and 4g, white bars). However, the 345 

same procedure in KA-treated mice resulted in elevated microglial numbers at 3d and 346 

7d after the first DT injection compared to saline controls (Fig. 4f, bottom panel and 4g, 347 

light green bars). Thus, the post-seizure environment may be able to stimulate the fast-348 

er repopulation of microglia than control conditions following pharmacogenetic ablation.  349 

 After determining that microglial ablation does not affect neurodegeneration, we 350 

next investigated the consequence of ablation on neurogenesis and neuronal sprouting 351 

in control (saline) and KA epileptogenesis conditions. By 7d (but not by 3d) of microglial 352 

ablation in naïve mice, neurogenesis, as detected by DCX (F(1,24) = 206.0, p value 353 

<0.001 ) and Ki67(F(1,24) = 26.94, p value <0.001 ), was significantly reduced when 354 

compared to non-ablated conditions (Fig. 5a-b) suggesting that microglia promote on-355 
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going neurogenesis in the steady state. Following seizures at both 3d  (DCX+: F(1,24) 356 

=2.329, p value = 0.002; DCX+ & Ki67+: F(1,24) = 0.4448, p value = 0.031 ) and 7d 357 

(DCX+: F(1,24) =2.329, p value <0.001; DCX+ & Ki67+: F(1,24) = 0.4448, p value <0.001 ), 358 

microglial ablation also significantly reduced DG neurogenesis (Fig. 5c-d). This obser-359 

vation was further confirmed with BrdU as an alternative proliferation marker at 7d (but 360 

not 3d) of seizures (DCX+ & DrdU+: F(1,24) = 124.6, p value <0.001; DCX+ & 361 

DrdU+/DCX+ : F(1,24) = 5.264, p value <0.001 )  (Fig. 5e-f). Together, these results indi-362 

cate that microglia promote both basal and seizure induced neurogenesis in the adult 363 

DG.  364 

 We also investigated the effect of microglial ablation on seizure-induced imma-365 

ture neuronal projections. In the naïve state, microglial ablation for 7d (but not 3d) re-366 

sulted in a reduction in the degree of apical projections for both long  (F(3,48) =  67.88, p 367 

value <0.001 ) and short  (F(3,48) = 67.88, p value <0.001 ) dendrites (Fig. 6a-b). Similar-368 

ly, after seizures, at both 3d (Long: F(3,48) = 23.86, p value <0.001; Short: F(3,48) = 23.86, 369 

p value = 0.008 ) and 7d (Long: F(3,48) = 23.86, p value <0.001; Short: F(3,48) = 23.86, p 370 

value <0.001), microglial ablation resulted in a significant reduction in the apical projec-371 

tions (Fig. 6c-d). In addition to apical projections of immature DCX-expressing neurons, 372 

we examined the influence of microglia on basal and seizure-induced projections from 373 

immature neurons along the mossy fiber pathway. Microglial ablation also reduced ba-374 

sal (infra-pyramidal volume: F(3,48) = 19.75, p value = 0.0324; supra-pyramidal volume: 375 

F(3,48) = 19.75, p value <0.001) (Fig. 6e-f) and seizure-induced (Fig. 6g-h) (infra-376 

pyramidal volume: F(3,48) = 27.93, p value = 0.008; supra-pyramidal volume: F(3,48) = 377 

27.93, p value <0.001) infra- and supra- pyramidal volumes. Together, these observa-378 
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tions indicate that microglia promote the steady state and seizure-induced projection of 379 

immature neurons following seizures 380 

 381 

Experiment 3: P2Y12R regulate neurogenesis and immature neuronal projections 382 

after seizures 383 

 Next, we attempted to determine a molecular pathway by which microglia regu-384 

late seizure-induced neurogenesis. We turned our attention to P2Y12R that are highly 385 

and exclusively expressed by microglia in the homeostatic state (Hickman et al., 2013) 386 

and significantly upregulated following seizures (Avignone et al., 2008; Eyo et al., 2018). 387 

We confirmed our previous results (Eyo et al., 2014) that a global P2Y12R deficiency 388 

increased seizure severity  (df = 10, p value =0.0005 ) and neurodegeneration (F(1,24) =  389 

505.4, p value <0.001 ) (Fig. 7a-c) as well as cells with pyknotic nuclei (data not 390 

shown).  391 

Next, we used P2Y12R-/- mice and examined basal and seizure-induced neuro-392 

genesis and immature neuronal projections. While basal neurogenesis in the DG was 393 

unaffected by a genetic P2Y12R-deficiency, seizure-induced neurogenesis as deter-394 

mined by DCX (F(1,24) =  65.11, p value =0.004 ) , Ki67 (F(1,24) =  29.39, p value =0.008 ), 395 

and BrdU (F(1,24) =  21.46, p value <0.001 ) immunoreactivity was significantly reduced 396 

(Fig. 7d-h). Similarly, apical DG (Fig. 8a-c) (Long: F(1,24) = 21.46, p value <0.001; Short: 397 

F(1,24) = 33.03, p value <0.001 ) as well as infra- and supra- pyramidal (Fig. 8d-f) (supra-398 

pyramidal volume: F(1,24) = 90.19, p value <0.001; infra-pyramidal volume: F(1,24) = 399 
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31.32, p value = 0.007) projections were unaltered in P2Y12R-/- mice at baseline but 400 

were significantly reduced following seizures.  401 

Although P2Y12R is exclusively expressed by microglia in the brain parenchyma, 402 

platelets that circulate in the blood also express this receptor (Andre et al., 2003) and 403 

could modulate neurogenic and projection phenotypes through their neurovascular in-404 

teractions. In addition, deletion of P2Y12R could affect brain development since it is 405 

highly expressed during early development (Bennett et al., 2016; Hammond et al., 406 

2019). To rule out platelet P2Y12R function or developmental complications as a con-407 

tributor to the observed P2Y12R-dependent effects, we generated conditional 408 

P2Y12Rfl/fl mice (See Materials and Methods). Once crossed with the CX3CR1CreER 409 

mouse line, and subsequently treated with tamoxifen, these adult mice exhibit selective 410 

depletion of microglial P2Y12R (cP2Y12R-/-). In cP2Y12R-/- mice, seizure-induced neu-411 

rogenesis (DCX+ & Ki67+: F(1,24) = 25.29, p value <0.001; DCX+ & DrdU+ : F(1,24) = 25.14, 412 

p value = 0.004 )  (Fig. 9a-c) apical DG  (Long: F(1,24) = 35.48, p value <0.001; Short: 413 

F(1,24) = 33.39, p value <0.001 ) (Fig. 9d-f) as well as infra- and supra- pyramidal projec-414 

tions  (supra-pyramidal volume: F(1,24) = 48.21, p value <0.001; infra-pyramidal volume: 415 

F(1,24) = 18.05, p value = 0.007) (Fig. 9g-i) were attenuated.  Together, these results in-416 

dicate that microglial specific P2Y12R promote seizure-induced aberrant neurogenesis 417 

and immature neuronal projections. 418 

419 

420 
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Discussion 421 

In this study, we examined seizure-induced neurogenesis and neuronal sprouting 422 

in the hippocampal dentate gyrus (DG) following intracerebroventricular (i.c.v.) kainic 423 

acid (KA) treatment-induced seizures. Increased neurogenesis and immature neuronal 424 

projections were observed beginning at 3d, peaking at 7d and returning to normal levels 425 

by 14d of KA treatment. This transient increase is consistent with the findings from a 426 

previous study in which mice were treated with KA via intrahippocampal injection. 427 

There, increased proliferation of neural crest cells was detected at 3d and 7d but not 428 

50d following KA treatment (Sierra et al., 2015). Next, we coupled seizures with effec-429 

tive pharmacogenetic ablation of microglia in the brain that resulted in a reduction in 430 

seizure-induced neurogenesis as well as immature neuronal projections. Finally, both 431 

general deletion of P2Y12R and conditional deletion of P2Y12R in microglia similarly 432 

reduced seizure-induced neurogenesis and immature neuronal projections. Thus, we 433 

conclude that microglia through their P2Y12R participate in the promotion of aberrant 434 

neurogenesis and increased neuronal projections following an initial seizure event. A 435 

limitation of our study is that for microglial ablation and conditional P2Y12R-deletion, we 436 

used heterozygote CX3CR1 mice. Since CX3CR1 regulates basal dentate gyrus neuro-437 

genesis (Rogers et al., 2011), it is likely that we have missed the full extent of neuro-438 

genesis in this context. Nevertheless, since all mice used were on this background, our 439 

comparative findings remain valid. 440 

In our summarized model (Fig. 10), the induction of seizures by i.c.v. KA treat-441 

ment triggers cell death that results in the release of purines such as ATP. Released 442 

ATP and its metabolite ADP activate microglial P2Y12R, which in turn promote aberrant 443 
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neurogenesis and immature neuronal projections during the latent period. Presumably, 444 

this may enhance the development of spontaneous recurrent seizures, a hallmark of ep-445 

ilepsy and this will be a focus of future work. However, while we show that microglia and 446 

microglial P2Y12R regulate neurogenesis, whether these new born neurons fully 447 

integrate into the neural circuit cannot be determined by our model since neurogenesis 448 

is transient. 449 

 450 

Roles for microglia in basal and seizure-induced neurogenesis and immature 451 

neuronal projections 452 

 Previous investigations into microglial contributions to brain physiology suggest 453 

that microglia play a role in basal neurogenesis. First, using a similar pharmacogenetic 454 

approach to ours, it was recently shown that microglial elimination reduced steady state 455 

neuroblast survival in the dentate gyrus (Kreisel et al., 2019). Moreover, microglial acti-456 

vation by chronic intracerebral lipopolysaccharide (LPS) treatment was shown to impair 457 

basal DG neurogenesis that could be blocked by minocycline (a microglial activation in-458 

hibitor) treatment (Ekdahl et al., 2003; Monje et al., 2003). Furthermore, genetic disrup-459 

tions of P2Y13R, which is solely localized to microglia in the brain, resulted in increased 460 

DG neurogenesis (Stefani et al., 2018) suggesting that microglia mitigate basal neuro-461 

genesis through P2Y13R. However, a genetic deficiency of CX3CR1, expressed pre-462 

dominantly by microglia in the brain, yielded reduced DG neurogenesis suggesting this 463 

signaling axis enhances basal neurogenesis (Bachstetter et al., 2011; Rogers et al., 464 

2011; Xiao et al., 2015). These studies highlight the fact that despite suggested contri-465 
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butions to basal neurogenesis by microglia, the results are conflicting and require fur-466 

ther clarification.  467 

In the context of seizures, neurogenesis and immature neuronal projections oc-468 

cur independent of one another (Sanabria Ydel et al., 2008). Though both neurogenesis 469 

and immature neuronal projections have been investigated in the literature, a greater 470 

number of studies have focused on neurogenesis. Specifically, brain inflammation in-471 

duced by LPS treatment was shown to impair seizure-induced aberrant neurogenesis 472 

(Ekdahl et al., 2003). Consistent with this finding, aberrant neurogenesis in response to 473 

seizures was recently shown to be inhibited by microglial TLR9 signaling using genetic 474 

approaches (Matsuda et al., 2015). Together, these results imply that microglial activa-475 

tion during seizures inhibits seizure-induced neurogenesis. In seeming contrast to these 476 

findings, a different study found that seizure-induced neurogenesis was promoted by 477 

activated microglia using pharmacological approaches including minocycline to inhibit 478 

microglia and LPS to activate microglia (Yang et al., 2010).  In line with this latter find-479 

ing,  by pharmacological antagonism of CX3CR1 signaling, microglia are suggested to 480 

promote neuroblast production (Ali et al., 2015). Thus, the literature suggest a complex 481 

relationship between microglia and neurogenesis during both basal and seizure-induced 482 

contexts. This is understandable, because some of the previous pharmacological ap-483 

proaches to either activate microglia using LPS treatment or inhibit microglia using 484 

minocycline are not entirely selective since neurons also respond directly to LPS treat-485 

menet (Lu et al., 2014) as well as minocycline treatment  (Huang et al., 2010), which 486 

could have unknown effects on other cells than microglia in the brain.  487 



 

23 

In light of these previous partially conflicting conclusions, we attempted an alter-488 

native approach with new tools to interrogate microglial contributions to seizure-induced 489 

neurogenesis. Recent techniques have been developed to selectively eliminate micro-490 

glia from the CNS and have been employed in various disease contexts (Waisman et 491 

al., 2015) but have not been applied to ascertain microglia contributions (if any) to aber-492 

rant neurogenesis following seizures. We thus adapted one of such models to address 493 

this question. In addition, we employed the use of a model of seizures that reliably in-494 

duces robust neurogenesis by i.c.v. KA delivery. Having confirmed robust induction of 495 

neurogenesis and increased immature neuronal projections (Fig. 2-3) and efficient 496 

pharmacogenetic microglial elimination (Fig. 4a-b) following KA treatment, we assessed 497 

the degree of seizure-induced neurogenesis and neuronal sprouting. Interestingly, this 498 

approach did not alter seizure-induced neurodegeneration from the initial seizure (Fig. 499 

4c-e). However, it consistently reduced the degree of seizure-induced neurogenesis 500 

and neuronal projections (Fig. 5-6). However, since we used DCX immunofluorescence 501 

to quantify increased immature neuronal projections, we cannot rule out the possibility 502 

that the reduced projections observed in Fig. 3 and Fig. 6 results from the maturation of 503 

the seizure-induced newborn neurons and the consequent reduction in DCX 504 

immunofluorescence. Increased immature neuronal projections indcued by seizures 505 

could lead to an increase in the connectivity of neurons in the DG. Such 506 

hyperconnectivity would in turn result in dysfunctional DG neurons that are more prone 507 

to seizures. 508 

 509 

P2Y12 receptors in seizures and epilepsy 510 
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Finally, we tested for a role of P2Y12R in regulating seizure-induced aberrant 511 

neurogenesis and immature neuronal projections for the following reasons: (i) unique 512 

and exclusive basal expression of P2Y12R (Hickman et al., 2013; Zhang et al., 2014; 513 

Goldmann et al., 2016) in microglia; (ii) robust transcript and protein upregulation of 514 

P2Y12R by microglia following seizures (Avignone et al., 2008; Eyo et al., 2018); (iii) our 515 

previous observations that P2Y12R regulate microglial phenotypes following seizures 516 

(Eyo et al., 2014; Eyo et al., 2017b; Eyo et al., 2018); (iv) the availability of general 517 

P2Y12R knockout mice and our newly generated conditional P2Y12R knockout mice. 518 

Interestingly, our results show that genetic abrogation of mouse P2Y12R in general 519 

(Fig. 7-8) and specifically in microglia (Fig. 9) do regulate these features of the post-520 

seizure environment. In our results, the effect of microglial ablation is more dramatic 521 

than the effect of P2Y12R elimination on seizure-induced neurogenesis suggesting that 522 

P2Y12R is not the sole microglial protein regulating seizure-induced neurogenesis. 523 

 P2Y12R is now regarded as a marker that distinguishes microglia from other 524 

brain cells as well as other myeloid cells in the periphery (Hickman et al., 2013; 525 

Butovsky et al., 2014; Hammond et al., 2018b). Emerging literature suggest P2Y12R is 526 

essential for homeostatic brain functions including synaptic plasticity (Sipe et al., 2016), 527 

chemotactic sensing and migration (Haynes et al., 2006a; Eyo et al., 2018), vascular 528 

repair (Lou et al., 2016), and microglial-neuronal physical interactions (Eyo et al., 2014; 529 

Eyo et al., 2015; Eyo et al., 2017b). Moreover, P2Y12R has been implicated in the 530 

pathogenesis of several CNS diseases including neuropathic pain (Kobayashi et al., 531 

2008; Tozaki-Saitoh et al., 2008; Gu et al., 2016b), ischemia (Webster et al., 2013; 532 

Gelosa et al., 2014) and seizures (Eyo et al., 2014). However, whether this receptor 533 
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performs detrimental (pain and ischemia) or beneficial (seizures) functions though the 534 

precise downstream mechanisms for their activity remain unclear.  535 

 Our previous study revealed that acute seizures are exacerbated in the absence 536 

of P2Y12R (Eyo et al., 2014) (also confirmed in this study in Fig. 7a) and therefore im-537 

ply a hyperactivity-limiting role during seizures for the receptor. However, our current 538 

findings suggest that the receptor may also play hyperactivity-promoting roles in epilep-539 

togenesis subsequent to the initial seizure since a P2Y12R deficiency limits the extent 540 

of neurogenesis and sprouting that are thought to promote spontaneous recurring 541 

seizures. More work is needed to delineate the specific downstream mechanisms of 542 

P2Y12R activation that would induce neurogenic and sprouting phenotypes. Previous 543 

studies have shown that MAP kinase activation could be downstream of P2Y12R during 544 

neuropathic pain (Kobayashi et al., 2008). In addition, P2Y12R activation can regulate 545 

cytokine production (Charolidi et al., 2015; Liu et al., 2017) which could in turn regulate 546 

network excitability (Vezzani and Viviani, 2015) as well as neurogenesis (Na et al., 547 

2014; Borsini et al., 2015; Kim et al., 2016). Future work will have to be directed to fur-548 

ther understand the detailed mechanisms underlying this dual role for P2Y12R in the 549 

seizure-epilepsy continuum. Moreover, assessment of the inflammatory milieu following 550 

microglial elimination and P2Y12R depletion could also provide a better understanding 551 

of the mechanisms by which these manipulations affect neurogenesis and immature 552 

neuronal projections in our model.  553 

In conclusion, our findings using current selective microglial targeting approaches 554 

indicate that microglia, through its P2Y12R, promote aberrant neurogenesis and in-555 

creased immature neuronal projections following seizures. To our knowledge, this is the 556 
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first time that microglia have been directly implicated in immature neuronal projections 557 

following seizures. Given the prevailing hypothesis that aberrant neurogenesis and 558 

sprouting following seizures are epileptogenic (Danzer, 2018), our results suggest that 559 

approaches to inhibit microglial P2Y12R function could be beneficial in limiting epilepto-560 

genesis. Drugs that block P2Y12R like clopidogrel are already in safe use in humans as 561 

an anti-platelet therapy for cardiovascular injury (Raju et al., 2008). Our findings indicate 562 

that such drugs, if delivered directly to the brain in epileptic patients might ameliorate 563 

aberrant neurogenesis and potential epileptogenesis in the clinic.  564 
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Figure Legends 578 

Figure 1: Short and long sprouts in the dentate gyrus of kainic-acid treated mice. 579 

a-b, Representative schematic (a) and immunofluorescent images (b) of short (arrow 580 

heads) and long sprouts (arrows) in the dentate gyrus (DG) following i.c.v. kainic acid 581 

treatment.  Immature neurons with short and long neuronal projections were labeled 582 

with DCX (red) in conjunction with DAPI counterstaining (blue). Short sprouts remain 583 

within the DG cell body layer while long sprouts extend beyond the DG cell body layer. 584 

Scale bar = 10 m. 585 

 586 

Figure 2: Kainic acid-induced seizures increase neurogenesis in the dentate gy-587 

rus. a, Seizure scores along a modified racine scale for mice treated with kainic acid 588 

through an intracerebroventricular (i.c.v.) injection. n = 12. b-c, Quantification of cells 589 

per section (b) and representative images (c) showing increased Fluoro-Jade B expres-590 

sion in the hippocampus following i.c.v. KA seizures. n = 7. d, Representative images of 591 

immature (DCX+) and proliferating (Ki67+) cells in the dentate gyrus (DG) following i.c.v. 592 

KA seizures. e-g, Quantification of proliferating immature cells in the DG following sei-593 

zures (n= 7). h, Representative images of immature (DCX+) and proliferating (BrdU+) 594 

cells in the dentate gyrus (DG) following i.c.v. KA seizures. P ≤ 0.05; **P ≤ 0.01; ***P ≤ 595 

0.001 companied with Control group by ANOVA with Tukey post-hoc tests. i-j, Quantifi-596 

cation of proliferating immature cells in the DG following seizures (n = 7). *P ≤ 0.05; **P 597 

≤ 0.01; ***P ≤ 0.001 by Student's t-test. 598 

            599 
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Figure 3: Kainic acid-induced seizures increase immature neuronal projections. a-600 

c, Representative images of immature (DCX+) cells (a) and quantification of long (b) 601 

and short (c) projections showing increases following seizures in the dentate gyrus (n = 602 

7).d-f, Representative images of immature (DCX+) cells (d) and quantification of the su-603 

prapyramidal (e) and infrapyramidal (f) blade projections between the dentate gyrus and 604 

the CA3 region of the hippocampus (n = 7).P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 companied 605 

with Control group by ANOVA with Tukey post-hoc tests.  606 

 607 

Figure 4: Microglial density after kainic acid seizures and pharmacogenetic mi-608 

croglial ablation. a-b, Representative images from CX3CR1GFP/+ mice (a) and quantifi-609 

cation of long (b) showing increased microglial density following seizures in the dentate 610 

gyrus (n = 6). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 companied with Control group by 611 

ANOVA with Tukey post-hoc tests. c, top, Diagram of experimental procedures for abla-612 

tion, seizures and immunostaining. bottom, Seizure scores along a modified racine 613 

scale for sham or ablated mice treated with kainic acid (n = 8). d-e, Representative im-614 

ages (d) and quantification (e) showing similar florojadeB expression in the hippocam-615 

pus following i.c.v. KA seizures followed by sham treatment or microglial ablation (cells 616 

per section; n = 6). *P ≤ 0.05 by Student's t-test. f-g, Representative images (f) and 617 

quantification (g) of microglial density after KA treatment with sham or microglial abla-618 

tion strategies at 3-7d of KA treatment (n = 6). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001by two-619 

factorial ANOVA with Bonferroni post -hoc tests. 620 

 621 
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Figure 5: Microglial ablation reduces seizure-induced neurogenesis. a-b, Repre-622 

sentative images (a) and quantification (b) of immature (DCX+) and proliferating (Ki67+) 623 

cells in the dentate gyrus (DG) following sham treatment and microglial ablation in naïve 624 

mice (n = 6). c-d, Representative images (c) and quantification (d) of immature (DCX+) 625 

and proliferating (Ki67+) cells in the dentate gyrus (DG) following sham treatment and 626 

microglial ablation in KA-treated mice (n = 6). e-f, Representative images (e) and quanti-627 

fication (f) of immature (DCX+) and proliferating (BrdU+) cells in the dentate gyrus (DG) 628 

following sham treatment and microglial ablation in naïve and KA-treated mice (n = 6). 629 

*P ≤ 0 .05; **P ≤ 0.01; ***P ≤ 0.001 companied with Sham group by two-factorial 630 

ANOVA with Bonferroni post -hoc tests. 631 

 632 

Figure 6: Microglial ablation reduces seizure-induced immature neuronal projec-633 

tions. a-b, Representative images (a) and quantification (b) of immature (DCX+) cell 634 

sprouts in the dentate gyrus (DG) following sham treatment and microglial ablation in 635 

naïve mice (n = 6). c-d, Representative images (c) and quantification (d) of immature 636 

(DCX+) cell projections in the dentate gyrus (DG) following sham treatment and micro-637 

glial ablation in KA-treated mice (n = 6). e-f, Representative images (e) and quantifica-638 

tion (f) of immature (DCX+) and Iba1+ cells and blade length in the dentate gyrus (DG) 639 

following sham treatment and microglial ablation in naïve mice. (n = 6). g-h, Representa-640 

tive images (g) and quantification (h) of immature (DCX+) and Iba1+ cells and blade 641 

length in the dentate gyrus (DG) following sham treatment and microglial ablation in KA-642 

treated mice (per section; n = 6). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 companied with 643 

Sham group by two-factorial ANOVA with Bonferroni post -hoc tests. 644 
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Figure 7: P2Y12R knockout mice show reduced seizure-induced neurogenesis. a, 645 

Seizure scores along a modified racine scale for aged-matched wildtype and P2Y12-/- 646 

mice treated with kainic acid through an intracerebroventricular (i.c.v.) injection. (n = 8). 647 

b-c, Quantitation of (b) time spent beyond stage 3 seizures during KA treatment and (c) 648 

florojadeB expression in the hippocampus following KA seizures (n = 6). d-e, Repre-649 

sentative images of immature (DCX+) and proliferating (d, Ki67+ or e, BrdU+) cells in the 650 

dentate gyrus (DG) in aged-matched naïve and wildtype and P2Y12-/- mice treated with 651 

kainic acid. f-h, Quantification of (f) immature (DCX+) and proliferating (g, Ki67+ or h, 652 

BrdU+) cells in the dentate gyrus (DG) in aged-matched naïve and wildtype and P2Y12-/- 653 

mice treated with kainic acid (n = 6). P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 by two-factorial 654 

ANOVA with Bonferroni post -hoc tests. 655 

 656 

Figure 8: P2Y12R knockout mice show reduced seizure-induced immature neu-657 

ronal projections. a-c, Representative images of immature (DCX+) cells (a) and quanti-658 

fication of long (b) and short (c) projections showing increases in aged-matched naïve 659 

and wildtype and P2Y12-/- mice treated with kainic acid (n = 6). d-f, Representative im-660 

ages of immature (DCX+) cells (d) and quantification of the suprapyramidal (e) and in-661 

frapyramidal (f) blade projections from the dentate gyrus to the CA3 region of the hippo-662 

campus in aged-matched naïve and wildtype and P2Y12-/- mice treated with kainic acid 663 

(n = 6).  *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 by two-factorial ANOVA with Bonferroni post 664 

-hoc tests. 665 

 666 
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Figure 9: Conditional P2Y12R knockout mice show reduced seizure-induced neu-667 

rogenesis and immature neuronal projections. a-c, Representative images (a) of 668 

immature (DCX+) and proliferating (b, Ki67+ or c, BrdU+) cells in the dentate gyrus (DG) 669 

in aged-matched naïve and KA treated wildtype and conditional P2Y12-/- mice (n= 6).  d-670 

f, Representative images (d) of immature (DCX+) showing long (e) and short (f) imma-671 

ture neuronal projections in aged-matched naïve and KA treated wildtype and condi-672 

tional P2Y12-/- mice (n= 6).  g-i, Representative images (g) of immature (DCX+) showing 673 

lengths of supra- (h) and infra- (i) pyramidal sprouts in aged-matched naïve and KA 674 

treated wildtype and conditional P2Y12-/- mice (n= 6).  P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 675 

by two-factorial ANOVA with Bonferroni post -hoc tests. 676 

 677 

Figure 10: Model of seizure-induced microglial P2Y12R-dependent neurogenesis 678 

and immature neuronal projections. Our working model predicts that following an ini-679 

tial insult (e.g. kainic acid treatment) that leads aberrant neurogenesis and immature 680 

neuronal projections during epileptogenesis, neuronal cell death in the hippocampus 681 

triggers the release of ADP which acting on microglial P2Y12 receptors promotes both 682 

kainic acid-induced neurogenesis and sprouting as early as 3 days following the insult.  683 

 684 
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